Hybrid composites obtained upon blending conjugated polymers and colloidal semiconductor nanocrystals are regarded as attractive photoactive materials for optoelectronic applications.
Abstract.
Hybrid composites obtained upon blending conjugated polymers and colloidal semiconductor nanocrystals are regarded as attractive photoactive materials for optoelectronic applications.
Here we demonstrate that tailoring nanocrystal surface chemistry permits to control noncovalent and electronic interactions between organic and inorganic components. We show that the pending moieties of organic ligands at the nanocrystal surface do not merely confer colloidal stability while hindering charge separation and transport, but drastically impact morphology of hybrid composites during formation from blend solutions. The relevance of our approach to photovoltaic applications is demonstrated for composites based on poly (3- hexylthiophene) and lead sulfide nanocrystals, considered as inadequate until this report, which enable the fabrication of hybrid solar cells displaying a power conversion efficiency that reaches 3 %. By investigating (quasi)steady-state and time-resolved photo-induced processes in the nanocomposites and their constituents, we ascertain that electron transfer occurs at the hybrid interface yielding long-lived separated charge carriers, whereas interfacial hole transfer appears hindered. Here we provide a reliable alternative aiming to gain control over macroscopic optoelectronic properties of polymer/nanocrystal composites by mediating their non-covalent interactions via ligands' pending moieties, thus opening new possibilities towards efficient solution-processed hybrid solar cells.
Introduction
Hybrid composites prepared by blends of conjugated polymers (CPs) and colloidal inorganic semiconductor nanocrystals (NCs) offer opportunities for the fabrication of large-area flexible optoelectronic devices exploiting cost-effective processing from solution-phase. [1] [2] [3] Indeed, research on hybrid nanocomposites promises to merge the potential advantages of both organic and inorganic components: namely, mechanical flexibility, low specific weight, and large absorption cross section of CPs 4 can be effectively combined with the small effective masses of charge carriers and good photochemical stability of NCs. 5 Among others, leadchalcogenide NCs present the additional advantage of extending the light harvesting to the near-infrared (NIR) portion of the solar spectrum, 6 whereas the possibility of multiple exciton generation 7 and hot-carrier extraction 8 offers the opportunity to further improve the photon-tocharge-carrier conversion efficiency by reducing losses of high-energy carriers. In most cases, colloidal stability and consequent solution processability of NCs are guaranteed by ligands at the NC surface, which are already introduced during the synthetic procedure; 9 however, these pristine ligands are generally electrically insulating long-chain aliphatic compounds. The post-synthesis replacement of such pristine bulky ligands with short chemical species is therefore essential to promote charge transfer at the CP/NC interface and to confer good charge transport properties to the NC portion of the composite. 10, 11 Herein, we show that the pending moieties of NC ligands do not merely confer colloidal stability while hindering charge separation and transport, but exert a crucial role in determining non-covalent interactions between CPs and NCs thus affecting morphology and boundaries of hybrid CP/NC composites during formation from blend solutions. The consequent deep impact on optoelectronic properties is demonstrated for nanocomposites constituted by poly(3-hexylthiophene), commonly referred to as P3HT, and PbS NCs allowing their integration in solution-processed hybrid solar cells as photoactive materials, which could have been considered inappropriate until this report because corresponding devices have shown poor efficiency. 12, 13 To this aim, chemical modification of NC surface with short molecules which preserve colloidal stability is mandatory. However, the propensity of lead-chalcogenide NCs to oxidation, coalescence, and aggregation upon solution-phase ligand exchange has been a strong limitation to their integration in hybrid nanocomposites for optoelectronic applications.
Indeed, with the exception of the incomplete pristine ligand exchange based on alkylamines, 14, 15 no solution-phase ligand exchange method has been developed and exploited for blending lead-chalcogenide NCs and CPs. In this work we exploit a solution-phase ligand exchange approach that employs arenethiol molecules in presence of a base to produce strongly nucleophilic arenethiolate ligands which completely replace pristine oleate ligands on the PbS NC surface, while preserving good long-term solubility in chlorinated solvents 16, 17 that are commonly used for dissolving CPs, including P3HT. Here we take advantage of such an intermediate step to subtly control non-covalent interactions between CP and NC counterparts (relevant chemical species employed in this work are shown in Figure 1a ), permitting to tailor the morphology of the resulting nanocomposites for application in hybrid solar cells. Our approach thus represents a reliable alternative to grafting CPs to NCs via functional groups 18, 19 or synthesizing NCs in CP matrix, 20, 21 towards the nanometer size scale control of morphology and interfaces in solution-processed hybrid composites for optoelectronic applications.
Results and Discussion

Ligand-mediated morphology of the hybrid nanocomposites.
The effect exerted by organic ligands at the PbS NC surface clearly appears in electron microscopy (EM) images of the as-deposited nanocomposites, which reveal that assynthesized oleate-capped PbS NCs 22 (henceforth referred to as PbS-Ol NCs) are evenly dispersed in the P3HT matrix, while arenethiolate-capped PbS NCs (hereafter referred to as PbS-ArS NCs) form well-defined nanometer scale domains preserving their peculiar cubic close-packing (compare panels b and c in Figure 1 ) already observed in mere PbS-ArS NC solids. 16 This striking difference can be attributed to the pending moieties of the NC ligands:
hexyl side chains of P3HT may intercalate aliphatic chains of PbS-Ol NCs guaranteeing NC dispersion in the polymeric matrix, while strong ligand-ligand interactions between PbS-ArS NCs are likely to induce their close-packing thus promoting nanometer length scale separation of organic and inorganic phases. Noticeably, the peculiar ligand-ligand and ligand-polymer interactions which control the morphology of the nanocomposites are barely influenced by the relative ratio between P3HT and PbS NC components (detailed morphological characterization appears in Supporting Figures S2-19 ). The general applicability of our approach has been demonstrated employing other polymers bearing aliphatic and aromatic side chains blended with oleate-and arenethiolate-capped PbS or CdS 23 NCs (Supporting Figure S20 ).
The ligand-mediated arrangement of CPs and NCs in nanoscale domains is a key achievement towards the implementation of such hybrid nanocomposites in photovoltaic devices. As for conventional organic bulk-heterojunction solar cells, 24 the formation of interpenetrating domains provides both extended interfacial area for efficient exciton dissociation and percolating paths for effective charge carrier transport and extraction at the electrodes. 25 In order to exploit our molecular-level approach to control hybrid nanocomposite morphology in solar cell fabrication, we chemically and then thermally treated as-deposited nanocomposites to further improve charge transport properties of PbS NC and P3HT domains, respectively: 3mercaptoproprionic acid (hereafter referred to as MPA) in acetonitrile solution was dispensed on the nanocomposites to replace Ol and ArS ligands 16, 17 thus enhancing inter-NC coupling, 26 followed by mild annealing at 110 °C to promote P3HT inter-chain packing which increases carrier mobility. 27 EM imaging shows the effect exerted by post-deposition treatments on the morphology of the hybrid nanocomposites (see Figure 2 ). Such solid-phase treatments on P3HT/PbS-Ol NC composites promote the NC aggregation in submicrometric domains, suggesting partial demixing of the components; moreover, the large volume loss upon replacement of bulky Ol ligands with small MPA molecules results in extensive cracking of the nanocomposite (Figure 2a and 2c) . Conversely, post-deposition treatments on P3HT/PbS-ArS NC composites do not significantly alter the nanometer scale NC domains already obtained during nanocomposite formation from blend solutions, whereas ensuring replacement of ArS ligands 16, 17 and P3HT intrachain packing. In addition, such P3HT/PbS-ArS NC composites show a smooth profile and abated cracking (Figure 2b and 2d ), which is of utmost importance to avoid short circuit and leakage currents in the photovoltaic devices.
Hybrid solar cells.
Hybrid nanocomposites for application in photovoltaic devices also demand for CP and NC components displaying staggered energy levels (also denoted as type-II band alignment) to promote separation of the photo-generated electron-hole pair in long-lived charge carriers.
The synthetic control of NC diameter permits tuning of band-edge energies thanks to the quantum confinement effect: therefore, PbS NCs with diameter of about 3 nm have been synthesized 22 and used in order to maximize the absorption of solar light and the driving force for photo-induced charge carrier transfer with P3HT. Panel a of Figure 3 illustrates a tentative energy level diagram of the frontier orbitals of P3HT 28 and PbS NCs, 29 suggesting the formation of a type-II bulk-heterojunction. Optimized devices were prepared by spin-casting from blend solutions of P3HT and PbS NCs at a 1:9 weight ratio on top of a transparent anode, Table 1 ), yielding an enhancement of three orders of magnitude compared to devices comprising P3HT/PbS-Ol NC composites (see Table 1 ). Such outstanding PCE values are two orders of magnitude larger than previous reports on the P3HT/PbS NC system 14, 15 and about one order of magnitude larger than hybrid devices employing P3HT blended with other lead-chalcogenides NCs. 30, 31 The devices based on P3HT/PbS-ArS NC composites exhibit high reproducibility, with an average PCE value of 2.2 %, and are stable for at least one month after fabrication under inert atmosphere (see Supporting Figure S23 ). Dark i-V curves of these devices show good dark rectification behavior, low series (35 Ωcm 2 ), and high shunt (29 KΩcm 2 ) area-normalized resistances, accounting for good charge transport properties and reduced internal current leakages. Under solar-simulated illumination, much larger short-circuit current density (J sc ) and open-circuit voltage (V oc ) values are obtained for devices based on P3HT/PbS-ArS NC composites compared to those values relative to P3HT/PbS-Ol NC composite based devices (see Table 1 ), together with an appreciable improvement of the fill factor (FF).
Photo-induced processes at the hybrid interface.
In order to ascertain whether the high efficiency in P3HT/PbS-ArS NC solar cells arises from a donor-acceptor heterojunction or is due to Schottky contacts at the anode, 32 Figure 5b , respectively), pointing to an analogous recombination mechanism in both samples after the observed initial P3HT-to-NC electron transfer; moreover, P3HT lower excited state bleaching shows an increasing signal (at 610 nm, circles in Figure 5b ) which follows the dynamics of the photo-induced absorption feature at 650 nm (triangles in Figure   5b ) attributable prevalently to PbS-ArS NCs (see Supporting Figures S31-33 ). 35, 36 In order to determine the presence of long-lived excited species, we employed quasi steady-state photo-induced absorption (PIA) spectroscopy: besides P3HT and PbS NC bleaching (at around 610 and 920 nm, respectively), PIA spectrum of the hybrid composite displays a strong broad feature reminiscent of P3HT delocalized polarons, 37 which gives a positive contribution to the differential absorbance signal centered around 700 nm displaying TA dynamics on the millisecond time scale (black spectrum and decay in Figure 5c implying that hole transfer from PbS NCs to P3HT is hindered. Despite previous reports accounting for NC-to-CP hole transfer, 38, 39 a slight contribution of such photo-induced process to the generation of mobile charge carriers in hybrid composites has been argued. 40 In our nanocomposites however, the decay of PbS NC first excitonic peak bleaching is longer in presence of P3HT (Figure 6b ), whereas the ground state of P3HT appears as depopulated upon PbS NC selective excitation (Figure 6a and 6c). These findings together with the weak P3HT polaron signals may imply that charges photo-generated in the PbS NC domains selectively accumulate at the hybrid interface, therefore inducing an electric field which shifts the energy of P3HT vibronic transitions rather than their apparent bleaching.
Further information on recombination of photo-generated charge carriers in the hybrid solar cells can be gathered by the incident light intensity (P in ) dependence of the V oc . 41, 42 The 
Conclusion
Here we have shown that the pending moieties of semiconductor NC ligands dictate the morphology of hybrid nanocomposites with CPs exploiting peculiar ligand-ligand and ligandpolymer interactions. Arenethiolate ligands promote phase segregation at the nanometer size scale between PbS NCs and P3HT components, which is not significantly altered by postdeposition chemical 25 and thermal 26 to grafting CPs to NCs via functional groups 19, 20 or synthesizing NCs in the CP matrix, 21, 22 thus contributing to suggest novel pathways towards efficient CP/NC solar cells, which still lags behind the efficiencies obtained for devices based on pure polymer 50 and nanocrystal 51 active layers.
Experimental Section.
Materials. All chemicals were of the highest purity available unless otherwise noted and were used as received. Lead oxide (99.999%), oleic acid (technical grade 90%), 1-octadecene (technical grade 90%), bis(trimethylsylil)sulfide (synthesis grade), 4-methylbenzenethiol (ArSH, 98%), 3-mercaptoproprionic acid (MPA, ≥ 99%), and regioregular poly(3hexylthiophene-2,5-diyl) (P3HT, average molecular weight 54,000÷75,000 u) were purchased from Sigma-Aldrich. Tri-n-octylphosphine (TOP, 97) was purchased from Strem Chemicals.
Triethylamine (TEA, ≥ 99.5%) was purchased from Fluka. All solvents were anhydrous and were used as received. Acetone (99.8%) was purchased from Merck. Acetonitrile (99.8%), chloroform (99.8%), o-dichlorobenzene (99%), hexane (95%), methanol (99.8%), and toluene (99.8%) were purchased from Sigma-Aldrich.
NC synthesis and solution-based ligand exchange procedure. Colloidal PbS-Ol NCs with
diameter of about 3 nm were synthesized in a three-neck flask connected to a standard Schlenk line setup under oxygen-and water-free conditions using lead(II)-oleate and bis(trimethylsylil)sulfide at a 2:1 molar ratio through a slightly modified well-established procedure. 22 In a typical synthesis, 2 mmol of PbO (450 mg) was mixed with 4 mmol (1140 mg) of oleic acid and 10 g of 1-octadecene. The mixture was vigorously stirred and deaerated through repeated cycles of vacuum application and purging with nitrogen. Then, the mixture was heated to above 100 °C to allow dissolution of PbO until the solution became colorless and optically clear, indicating the formation of lead(II)-oleate complex. The solution was cooled at 80 °C and repeatedly subjected to vacuum in order to remove water formed upon lead(II)-oleate complex formation. The solution was then heated again under nitrogen flow and stabilized at 110°C. At this point 1 mmol of bis(trimethylsylil)sulfide (210 µL) in 2 mL of TOP was swiftly injected. The heating mantle was immediately removed and the resulting black colloidal solution was allowed to naturally cool to room temperature. After the synthesis, PbS-Ol NCs were transferred to a nitrogen-protected glove box. The NCs were precipitated using excess acetone, centrifuged at 4000 rpm for 7 min and then redissolved in toluene. Centrifugation at 4000 prm for 5 minutes and filtration through a 0.2 µm polytetrafluoroethylene (PTFE) membrane were carried out to discard insoluble products and possible agglomerates. Additional precipitation-redissolution cycles were applied to remove any excess unbound surfactants. A 1 mM NC solution was prepared and stored at room temperature in a glove box for producing PbS-ArS NCs. 16, 17 Solution-phase ligand exchange on PbS-Ol NCs (reaction scheme is shown in Supporting Figure S1 
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